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In 1930 a closed jet cavitation tunnel for testing model

propellers wns constructcd at the Humburgische Schiffbou Ver-

suchsanstalt, In subscquent yenrs alterations were accomplished
to avoid cavitation in thc clbow downstream from the test sec-

tion, to eliminate tho thrust coirrecticn duc to the pressure
differences inside ~nd outside the tunnel, and to minindze
the friction~l torgue meassurcd by the dynamometer., In rccent
years, Dr, Lerbs conducted basic rescarch tests to dctermine
which variables hove an important influence on model propeller
cavitation tests., It wns concluded th:t the model iwynolds
nunber should be greater then 0.8 x 10° and the Froudc number
should lie between certcin minimum nnd maximum limits deter-
mincd from the 4€,8.V,u.l basic tests, Preliminary tosts of
a single propeller indicated no effcct en performonce whon
when varying the air content of the tunnel watcr.

o new large cavitotion tunncl with test scetion 47,24
inches high by 94,49 inchcs wide, -nd with 16 knots water
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Summary, vont 'd.

speed was constructed at H,8.V.s. between 1940 and 1943,
Complete ship models or torpedo stern secticns can be moun-
ted in the tunnel for conducting cavitation tests with the
propellers operating in the wako stream, Bombing damage pre-
vented service operation of the tunnel.

The original Gottingen general researeh cavitation tunnel
built in 1927 was reconstructed as a "free-jet" tunnel in 1942,
fcsearch problems such ¢s the detemination of constant pres-
surc surfaces for aireraft, the development ¢f underwater rock-
ets, and the study of thc alr-wgter entry problem were investi-
gated by means of cavitation tests at cavitation numbers as low
as 0.01. The effects of dissolved air in the tunnel water were
considered by measuring thc cavitation bubble pressure by a
simple method and substituting the bubble pressure for the
vapor pressure in the determination of the cavltation number,

at Heidenneim o small cavitation tunnel was constructed
sbout 1937 for the purposc of testing Voit-Schneider propel-
lers, For high steering snglcs wherc the cavisation test re-
sults were inaccurcste, the infiuunce of cavitation on perfom-
ince was caleculated by 2 nethod of Lote,

HeS.V.o, desizned the closed-jet cavitation tunnels for
Russin (1932), Japan (1936), Holland (1939), and thc Karlstads
firmn in Svieden (19A°) Lote designs favored sharper corners
witn short multiple guide vanes at all corners axcopt tho cl-
bow downstrean from the test section: This c¢lbow is construe-
ted with 2 lurge radius to ovoid cavitatien.

4 now eavitation tunnel for tosting hydrofeils in cas-
cede for the purpost of obtzining busic provcller design
it was proposcd for conctruction at H.5,V.as in Into 1941,
Lack of m.terinls 'nd war difficultics prevented the con-
struction,
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RESTRICTED,

Summary, Cont'd.

It is recormended that further bagic tests be con-
ducted for determining the effects of sir content of
tunnel water and of sea water on propeller performance

under cavitetion conditions. The bubble pressure-wmeasur-
ing method used at Uottingen is well suited for such an
investigation.

3eptember 1945.

U, S, NeVAL TZCHNIC AL 1.7 s370M I LUROPE.
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RESTRICTED.

Introduction, Cont'd.

Inasmuch as the stagnation pressure q, varies as
the square of the velocity, and the vapor pressure p
is ordinsrily small and of tike same order of magnituge
for both full scale end model, the absclute static pres-
sure p_ for identical . values normally must be consider-
ably 18wer far the model test than for the full scale.
Therefore, in order to study the effects of cavitation
on the energy relationships or accustical properties of
bodies moving relative to fluids, varisbie pressure water
tunnels have been designed and constructed in valrious
countries of the world during the past twenty years.

When air or other gas«¢s are dissclved in a fluid,
which i3 tie usuel case, the cavitation bubble pressure
may be higher tlhan the vapor pressure for the given tem-
percture. 'The ruestion arises as to vwhether the cavi-
teticn nuwber should be redefined as,

% = Po = Py

i

winere Py = the preessure in the cavitation bubble,
T = cuvitaticn numbor based on bubble pressure.

The purpozc of tuis report is to decscribe certain
forelign cavitation tunncl installations including de-
sign features, developrmnts of instruscntation, and
the results of some basic tests conovrning the erfects
of dissolved alr or gases and the dcetermination of the
fundamental pliysical variables which heve the greatest
influence on model prepelloer test results,.

Instituticns visited andg personncl contaciced in
obtaining tac informetion for this report r.ore:

1. Hamburgische sehifibua Versuchsanstalt, Hamburg.
Dr. Ine. k., Lerbs

ing, schultze
ing. Hoppu
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Cavitation Tunnel I of Hamburgische Schiffbau
Versuchsanstalt, Cont'd.

8plit into two separate channels. This alteration

wag successful in avoiding cavitation in the elbow

at all speeds zud further &llowed the propeller shaft
to be shortened, thoreby raising the critical TPM of
the dynamometer instellation above the operating range.

Origirelly the model propeller dynamometer was
belt-driven by & wotor from below, as shown in Fig. 2.
The thrust was measured by balsncing « beam scalc to
which tihe thrust from the drive shaft wes transmitted
by a thrust becaring end knifce edgus., The torque was
determined by icasuring the twist of a callbrated shaft
by m ans of gn opticeal oscilloscope. In an attempt to
make the frictional torque of the driving arrangement
smell and constant, the stuffing gland was driven by
an auxiliary shaf't fraun the main dynamomcter driving
motor at & specd 5 percent leoss than the propeller
shaft specd. The relative specd of § percent of the
absolutc peripheral specd was necessary in order to
retain sufficient sensitivity of the thrust mcasure-
ment. However, bucause of variations of the pressure
of the viscous greuse usced for sealing the joints,
the fricticnal torcuc could not be held constant over
& period of timc and rreauent glind repeirs were ne-
cessary.

ATter scverul unsuccessful tests using water
sealing cf the stuffing glends, the mothiod shovwia in
ig. 3 wus deviscd. A hollow shelf't is driven by tle
dynewomcter, The friction et thc forward boearing and
the peeking s iand cets only on the hollow shat't which
extonds to the rorwesrrd bearing. The propeller shaft
is sujported inside the hollow shaft by a bull besring
at the feorwerda ¢nd and a ground-in bearing at tie
after ¢nd, and is connected to the hollow sucft by
means of a calibratcd torsion rrod. The iound-in
bearing 3scrves «s a sual to prevent water from cnter-
ing botween thoe two shefts. The propellor torque
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RESTRICTED.

Cavitaticn Tunnel I of liamvburgische schiffbau
Verguchsanstalt, Cont'd.

in whieh the pressure can be regulated by & small vac-
uum pump and a throttle valve, as shown schematically
in Fig. 6. The throttle valve is controlled by a

motor in conhection with a mercury ring balsnce. One
leg of the mercury ring baulunce in connected to the

test section of the tunnel and the other 1s connected
to the compensating chamber. ~ith a difference in
pressure in the two legs, tne balunce rotates about

a knife edge and &« relay scts to cut on or off tne
circuit of the nictor which operates tie throttle valve.
Thus the throttle v--1lve is regul:ited so thut the mer-
cury ring is b:lenced, and there is equality of pressute
in the test section ana the coupensating chember. dth
equal shaft dicneters in the tunnel and tne coupensating
chamber, no thrust error due to pressure differences
exists,.

In practice, the rather coniplicated mercury ring
balance contreol device Jrequcntly falled amd maintenpance
delzys overbel nced the value of the automatic control.
In the last days of operetion of the tunnel the auton-
atic control vas removed ant a simple meicury manometer,
connected between the test sceticn and the compensating
chamber, was uszd &as an indicater for nanuully mwaintain-
ing cquality of the pressurs.

For measuringe the propeller reveoclutions, origzinally
a mechanical tachometer with a mechanlical stop watch was
employed. In 1S43 an electricel tachecmeter with synch--
roncous notor control, wanursctured by Iricen and Vossler,
Schwenningen, was substituted for tae necianic.l tacho-
meter.

The water speed on the tost scetion is wcusured by
neans of a pitot tule in the plore of the model propeller.
Tire pitot tubce wes calibsated in the towing basin and
corrections vore rmade for locel non-uniicrniity of flow,
relation of tube c¢ross-scetion to messuring scveticn, wall
effect, and the pressure gredicnt in the tunncl (1).

-14-
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REJTRICTED.

Cavitation Tunnel 1 of Hamburglsche 3Schilffbau
Verguchsanstalt, Cont'd.

The static pressure at thecenter of the propoller
modcl is muasured by a mercury manomcter as the differ-
¢rice in pressuros between the atmosphere and an aperture
in the tunnel wall at the height of this shaft conter. To
regulate tho pressure, the vacuum pump is run slowly and
a throttle valve in tihe connceting pipc line 1s reguleted
for rouch control. Fine control of the presaurc is accom-
plished by & pinch-cock which edmits atamospheric air irnto
the weter line through a rubber tubc. The vacuum pump is
reversible for usv as a compresscr in order to produce
pressures slightly above atmospheric.

The original tunnel design contemplated the use of
a swaller square nozzle with rounded corncrs for use in
testing thin hydrofoils with a tiarce-cowponcent dynamon-~
eter. This arrangscricnt was abandoned after a few tosts
since the dynamomcter was not satisfactory and the re-
sults did not caupare well with wind tunnel data. Dr.
Lerbs statoea tast in testing thin hydrofoils, the length
mu 3t be Lopt short te prevont deformation and resultant
inaccuracics in tne mussurciucnts.

On the lowoer leg of the tunnel is a heating jacket
capable of raising tue tewmperature of tho tunnel water
for removing air bubbles and Tor controlling tic weynolds
number for basic rescarch tests. The heating weter in tho
Jacket is supplicd by a scparate boiler. Only on about
Tive occasicns haed tests boen conducted at clovated tem-
persturcs up to about 120° Fahrcnheit. At thesc tom-
pereturcs, difficultiuvs were encountered with tne grease
scaling noethods. The scaling greasce had & tuendeney to
mix with the water end contaminate it. Dr. Toerbs ulti-
matcly intended te change tho sealing methods and sub-
stitute Buna rubb.r seal s for the grease seals.

“hen tle tunel was originally constructed, tho
inside surfaces were puinted with red lead. Conten-
lnation of the water rosulted and an additional coat
of ordinary grcy ship peint was added. This paint
pealed end proved unsatizractory and finally the interior

L

ey e ST T ST T T T
eppr T



RESTRICTED,

Cavitation Tunncl I of Hamburgische 3ehiffbau
Verguchisunstalt, Cont'd.

>R

Q

9 o L
¢, n=a’

2

1

tiarust

where T

A)

R

]

torcue

€116y = diucensionless coefficicnts
~  for thrust and torque, ros-
pectively.

n = rcvolutions per sccond.
| = meas dengity of the fluid.
d = diwretor

C, cwd T, depond on the dimwcnsionless
1

spewd coefficiont A = v
a

-19-
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RESTRICTED.

Cavitation Tunnel 1 o1 it mburgische schiffbau
Versuchsenstalt, Cont'd,

.S Fig. 8
UPFER SuCTION CF IM, 5.V A, CaVITADIOE 5P pL T, JUHD 1945,
The dynenore tor has not been roplec.d sirce it wis

detisged by fire in sy st 1943, The indentetion on the
rignt hand split wlbow w:. coeused by «n incoendlory borib,

-21-
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Cavitation Tunncl I of hemburgische Jechiffbau
Vorsuchsangtalt, Cont'd,

- Fﬁg. 9.
LO"ER SLCTICN OF H,3.V.h. CAVITLTION TUNSTL I, JUNE 1945.

The repeliced driving notor, dosgnged by firo in Aug-
ust 1943, is not yot reinstulled.

-27=
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Cavitation Tunnel I of Hamburgische 3chiffbau -
Versuchsanstalt, Cont'd. S

where v © speed of advance.

(b) Cons1derat10n of grav1ty foxces lecads to
the IGQUITGUbnt of ecguality of the Froude number
nN : v

VER - | :

where g = acceleration of gravity..

(c) Viscosity effects requlre equality of the
reynolds number,
R=vad
S . :
where. )/ = % = kinematic v130031ty

74 = yiscosity
“(d) The paraméter far the formation of cavities
in flulds Can bo defincd as,
: Po“p
904

ebsolute static pressure

h=)
o)
n

the critical pressure for cavity formation
T i . : ) . B

o/
n

stagnetion pressure

Kol
.0
"

For gas-free fluids, the vapor prpsqurc by 1
the GrlthaL pressure, or

PO - Pv : =
= —-_a-—— = the cavitation aumber.
o] > ~
The cavitetion parameter v~ and the Froude number

F are related, in thet for enusl local cavitotion
numbers at all corrcespond.n? blade elcements of the

-23-
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RESTRICTED

Cav:.tat.:.on Tunnel I'of dambu _glsche Sch:.i‘fbau Versuchsa.nstalt., Con .
To sumnarize these bas:w requirements,

T = [ kb (,\,F, E, P, -PN, T.F.,)

“ o

"1

-{> 25 . poe .
Q-/[ n™d Cz (A, Fs R, po“P:

%

It is impossiblé to meet the requirements of all of
‘the above basic laws in model testing. For example,

W, T.F.)

;- v - V o / S
F'z eonstant, Yam = V. oo/y 0
K = constant, 'am = Yas Amis 2/,-,/5'«' :
, . ) . v . . - et
W = constant, &m.:'vasﬁff m V~K2/K1
T.F. = constant, Var, = Vas /i m

-where Vas = full scale speed of advance |

© am = model speed of advance

4

.m = ratio of full scale to model

The Froude and time laws require a lower speed of advance
for the model than the full scale while the iHeynolds.and. Weber
laws require a much greater speed of advance for the model than
for full scale, Lerbs ran a series of basic tests-in order to

determine which variables have the greater influence on the

thrust and torque coefficients.

. 2. Air Content, Studies,

In 1937 and 1938 Numachi and Lurokawa in Tokyo reported
on tests carried out with smell glass nozzles to determine the
dependence of the pressure at which gases precipitate from water

"25" ]
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RESTRICTED,

Cavitation Tunnel I of Homburgische Schiffbau
Versuchsanstalt, Cont'd,

From stroboscopic inspcction, Vuskovie noted thet zir
prccipltatlon and vapor cavitation differed aporceizbly in
appearance in that air precipitation appearcd 2s 2 dim micro-~
scopic foam on th: surface nnd vapor cavities zpocared as

large clcar bubbles in the¢ fowum. From visuzl observation
of these phenomenz, plots of the cavitation numbers cssocizted
with the bcg;nnlng of zir precipitation and vapor cavitation.
are also shown in Fig, 12. The iuception of air prL01n1tﬂt10n
occurred at highcr cavitation numbers with inercasing zir con-.
tent?, but inception of vopor cavitcticn wes 1ndepcnacnt of
air contcnt at the lower rotor spueds, =nd wes only slightly
dependent at high rotor speeds.

Wihile the work of Vuskovic indicated thst performance
of turbinecs with varying degrees of cavitation was indepen-—
dent of air content, the values of air content of water used
in his tests wure not nearly low enough to cover the range
which is normolly cneountered in closed circuit covitation
tunncls. Thersfore Lurbs constructed the apparatus shown
in Fig. 12 for messduring the preeipitation pressure of the
tunnel water., Mo desirad to detcimine the dependence of the.
propeller forces on the proecipitztion number, ./~ , with a
constant ca v1t1tloh number, |, where the precipitation number,
_po'p" ) . . .
ve = and p, = air precipitation pressure. While Pa

is dcpendent on the absolute zair content as.wéll as the tem-
peraturc, the difficult determination of =~ir-content was not
necessary for these tests since p, was to be coleculated dircctly,

The measuring =zoparctus, Fig., 13, consisted of a gluss
nozzlc, a submerscd ccntrifugsl pump, and -2 throttle volve
conneceted in parallcl with the tunncl test scetion., By these
means the speed of flow and pressure in the nozzle could be
sct independently of the conditions in the tunnel. The cen-
trifugal puwap, locustud 2t o low level, wor submersed in water

3Vuskov1c calculated the cbsolute air content from the con-
ventional winkler chemicnl test for oxygen content.

=30~
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RESTHICTED,

Covitotion Tunncl I or Houmburgische Schiffbau
Versuchsanstalt, Cont'd.

The orecipitetion pressure could be determinee approx-
imately by adjusting the speed through the nozzle so thot
clouding in the nozzle wes ovserved to bogin or corsc, It
was #lso determined thit the clouding duc to air precivi-
tation was nssocitted with a sharp rustling noise®. Therc-
fore, a sound pickup was mounted on the nozzle ~nd was uscd
as a more¢ accurate indicater, Tho precipitation prossurc
was determined for the point 1t which the crackling sound
cueeds The acoustical. and visual methods did not give
exactly the same rosults, for the noise pursisted slightly

after clouding disappcerred wien decreasing tiis velocity
of flow tnrough the gluseg nozzle,

The scope of Lerbs oir contznt studivs includ.d tosting
the riodel of only one propciloer dusign of tine schuffran by
serivs with 3 blades, cireulnr bock scetions, pibch rotio 1.2,
and oxpinded area ritio 040560 The procipit tion picssure p,
and the proeipitation nunber o, were variod, while holding -
the speed ratio nnd the covitition number constont, and thrust

and torque wore mensured,  Figures 15 and 16, represonting
tests nt . = 1.10 cnd 0,70 respsctively, show no systometic
veriation of the tarust wnue torque coutficicnts for constant
specd ratios wien vorying the procipitstion pressure.  lig.
17 indicatcs thic dependence of the specd cocfficicnt on the
nr.cipitation pressurc for tnc boginning of precipit-tion

ot the blade lecding edge with constint chvit~tion nusburs,
Tho resulls show some seattering, but no systom:tic depond-
cinee of the nropeller forces on »ir content ~re nroscut,

cven ot thc lower nir contoent velues in which the precipit.tion
pressure approaches thoe vipor pressure,

uThu rociizotion Lt ~dr procinit-obion wes associated with
4 sharp risc in nois: itevel woos utiliized by Lerbs in the de-
sign of noisc-Iraw oropcllors for subir vincs and torpedo-s,
The minimua prosrurc on th. suction side of the blaies was
dusigned to bu prostor tann thoo cdr procinit-llon prussure
for sca w.toer dotormined feom wenchi's d b (Fige 10).

=3~
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T RESTIICTED.,

Cavitation Tunnel I of Hamburgische vchiffbau
Versuchsanstalt, Cont'd,

No aeccurate method of measuring the absolute air content
has been developed in Germany.

3. Influcnce of the Time Factor, ‘Weber, Reynelds, aand
Froude Numbers,

By using two different sized geometrically simil:zr modcls
and varying the water temperaturcs, Lerbs conducted tests at
constant heynolds and Froude numhers to determine the combined
effect of the time factor, T.F,, and the Weber number, ', The
basic data from the curves of Fig, 19 werc used for computing
the variatles, as follows:

v, ot a F 2%/, K 109K W T.F,
m/secc °C - m | ? } m3/5002?

i

5,00 37,3 0.2 3,57 0,692 1.45a0° 1 7,04 7.1x10% 10,040

® 7.0 15.2x10%.0,049

6,125 11,0 0,3 3,57 1.270 1.45x10
Measurcments at cavit-tion numbers 77 = 1,1 and 0,7 were
carricd out over a lorge roage of thoe spued cocfficicnt,

The resvlts, Fig. 20, indicate no influence of the two var-
iables within the accurcey of the e surem.nts, Since thcese
two varisblcs tond to produce owposite cffcets, it is possible
tht ti. influecnces cuancel cach othoer,

In ordes to determine the influcnce of tic Heynolds num-
ber, Lerbs toestod the same propcller of 0,2 o tur diameter
with the speed, cuvitation nuwuber and Prouds nuaber constent,
end with varying woter toaper-tures. Tho conditions for the
tust woeres

v, t . Fooo. 0% R

m/sec oC . m</sec o
5,50 11.2 3,93 i 1.265 0,87 x 10
5.50 L6 0 3,93 0,778 1,42 & 102 '
5050 ) 5142 3093 ! 00530 2.(5 b 10

=0~
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RELTHICTED,

Cavitation Tunncl I of Hemburgische Schiffbau
Versuchsans®alt, Cont'd,

The local cavitation number of a blade clement at dif-
ferent angles of rotation depends on the Froude number, and
can be xXpressed as,

L - 1 (g=Xsin®P
2 2
19K /A* F
<Tif= local cavitation number

6 - cavitation number st the shaft coentoer

K:%

r = radius of tle blade clemunt

R = pron.ller rsdius

@ = angular position ot the blade from the horizontal
3 = gspeed co 1’1‘.ivcj.uu';‘tf:_’/frn ¢'|

Since the grentost difforences of locnl cavivation numbers be-
tween the full sceale and model occur when the blade tip is in
a verticel position, Lerbs uses the loctl cavitubion number
ratio for the verticol blade tip of full scile to model as

a criterion of thie difforenee of the Froude numbors, or,

(;Ll/ g ™ = (d’l‘l/Flg) / (O'T_L/F22), where the subscripts

1 and 2 refor to the full serle ond model, respoctively. Ho
further assumes that the varistions of ¥ used in the tests of
Fig, 21 arc¢ the maximum ollowable without intlucncing the
cocflicicnts of thrust :ni torque, Using the limitingg lower
values of Fy = 3,22 wnd for th. full sc.ly and highor linit

F, = 5,00 {for thu model, the volues of'Cri/(yz"wvrb riotted
on the lowur curve of Fio, 23, Simalnrly, by roversing the

~l, 2~
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" RESTHICTED.

Cavitation Tunncl I of it nbu{ngchu bchwifbau S
Versuchsanstult, Cont'd,

limits, the upper curve was plotteﬁ. .hen these curves. are en-

terced with the Froude number for tht full scale, F,, the model
Froude nuwnber Fo should lie somewhere between' the Upper and
lower limiting Curves, or F, min, <;F2 F2 13X e

As a result of these tests for the influence of the baaic'“

variables, Lerbs has eoncluded that the test specd of advance
can be choscn so thot the Leynolds number is above the eritical
valve 0,8 x ’O) and the Frouds number is within the proviously
described llnlts. Therefore only the following variables are
considared in a model cavitcbion tust at inmburg:

- 2.[#., . - e
T Pn G bl (A.g) Rz)ttcrit.ica

M= 2' 5 , ( ( ‘ Al
i 'F“ d CTZ (A G F2(mill) = FZ = F2m£m..

Lo Model Test Caledntion Compared with o Full Scale Triul.

4 saple coloulation by HeS.Vea, for the cowpﬁrikcn of a .
model cavitution tust to o full scole trizd will be explaincd,
The erleulation illustrotes the method dnly, since the ship
characteristics are fictitious, u full scale trizl of o twin
screw ship at a displzcununt A = 525 tons and with o waver
deptl: of 65 meters wes compored with a medel sclf-propulsion
test with a corrusponding £ = 516 tons .nd 63 mcters watcer
depth., The scale ratio of the full scalc to the sclf-propul-
sion modcel was 18,
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RESTILCTED,

L

Cavitation Tuwincel 1 of Hamburgische Ochiffba
V.rsuchsanstalt, Cont'd,

i o= (it - y 3, R, R
g = (&, = Ry Lo fs oLy
R . | .
o= C .
in fr e Sy Vg
o C ;
‘t5 = “fg S.5 v %
2 5] S
kK - ,
wg T, e LV 2
“~ E} ey

Subscripte m refor to the medel.
Subscripts s roufur to the full sctle snip.

Rf = frictions]l resistince.

R g = alr regisvonee of the ship,
b

Cf - friction cocfficicnt,
= mess density of wator.
S = wettud surf .cc arez,

C = coeificient of air rasistance

i

i = mass density of air

a_ = projectea mrea of the ship in the direction of the
relotive wind,

193]

v

‘b

It

velocity of the relative winag,

The rrandtl-Genlichting friction formula was used for the smooth
mociel and snooth ship.
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RESTEICTED .

Cavitatiorn Tunncl I of hamburgische Schiffbau
Vorsucsonstalt, Coat'd,

Because of the difference in displacements for the full seale
trinl »nd the model test, the modul thrust roferring te the
full scale trinl wes multiplied by 525/516 = 1.017. The dif-
fercnce of the water depths wns considered inconsequential,

T RS () S ) IS O MR () ()
s no Ry = VL O~ T'a/Tm* .07 Ty T
knots m/sece kg o ; . kg kg
30,0 3,637 | 7.32§9.3 x 10° . 0.00306 113 ©3,22 ;'3.65
325 3.939  £.30.10.1 x 10° ' 0,00300 1.1 BERZERESE:
35.0 1 L.243 9,220 10.9 x 10° 0.00:95  1.15 1,02 ; L.63
37.5 1+ L.5Lh 10,22 11.6 % 108 1 0.00293 ; 115 LA7 S
400, LofhE  11.ch 124 x 100 0,00291 © 1.16 | 4.90 | 5.66
h2,5 5,150 12.00 13, x 10°  o.00288 | 1.16 5534 6,20
45,0 5.454° 13,36 14,0 x 10° 0.00286 . 1.6 5.9 6.72

2 T VU Y ’ [ NPT DUV

The cavitation test speed was to be chosen so that R,
. L

erit, nd F(uin) = F = F_(mxi. To determine this, che
cav1§atlon fumber for“the Shaft center, . -, and the full sczle
Froude number, F,, must be c:lculated. In detormining the
static pressure Tor caleulating © in this cxrople, the dynom-
ic influwnces, as well ns the atmosphoeric pressurce ~nd tho
pressurc at rest duc to thoe shaft depth were considoered. Uy
mounting a pitot tubc at the shoflt center of the underway modoel
ond another in the undisturbed fiow, the pressurc difference

-5 2w
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RESTRICTED,

Cavitation Tunnel I of Hamburgische Schiffbau
Versychsanstalt, Cont'd.

Column (5) is the numerator of the cavitation number, with
barometric pressure P_ = 10330 kg/m< and vapor pressure

-

v

P, = 200 kg/m? at 17°C. Thus P+ ‘};;hé - p, = 10130 +
% shg (kg/mz) | '

Column (6) is the cavitation number denominator,

i 2 2 o <
{o/20w, ()% = ff2.5m Vam = 1,015 451 18 v, P =

933 vam2 | (kg/m?).

The speed of advance for the cavitation test was chosen
as 5.5 m/sce. The full scale Froude number was calculated
by the formula

BTl O

v — e
= E@_. with dm o ds/..m = 0.111 mT

v & v ady,

The scale ratio' { for the propulsion test was 18, but for the
cavitation test, & larger propeller of scale ratio 3 = 9.09
was used. Thus, the cavitation model Froude number,© .

v .
F, = _ac  where the diameter of the cavitation test pro-
-
\V. g d R

peller, dc, = dS/Tc = 0,220 m.,

dg, - diameter of the ship propeller, and subscript ¢ re-

fers to the cavitation model propeller,
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Cavitation Tunncl I of Hamburgische Schiffbau -

Versuchsanstalt, Cont'd.

(DS (2) . e (&)
v, v i+ (5. 50/@ )2 ; To
knots m/38¢ : kg
30,0 3.437 T 2,560 36,68
3.5 3.683 | 2,229 36.00
37.5 4e203 s 1.713 | 3k.52
40,0 L. 460 ! 1.520 | 33.7%
L2.5 L.712 : 1.362 | 33.12
45,0 4,936 R 1.241 o 32,72

Fig. 25 shows the¢ direct measurement results of the cavitation
characterizotion tests The full sezle revolutions per minute,
N, can be caleulated from the ratio, ., detormined by en~
tering the curves with the proper cavitation number, * ~, ~nd
the corrcsponding calculated thrust, T . To obtain a more ex-—
act interpolation, the mecsured thrust®T

was replotted with /™
as abscissa and - as the paerameter (Fig. 26). Tho value of

v 7 in column (4) below was obtained from the curves of Fig.=26.

(L) » GD (3) ¢ UQ,+ Cl (8) o () 4 (8) 4 gﬁ
Vg é — - ) S.H.P.l Y \
knots! kg v A ’l mCke. % %
30 . 36.68 T 1,088 | 0.901 | 485 | 1.761 6390 | 65.4 | 65.1
32,5 | 36,00 | 0,950 | 0,905 { 518 | 1.73 | 7700 | 65.6 | 65.2
35.0 | 35.28  0.832 i 0.908 | 554 | 1.70 | 9290 65.7 65.4
37.5 1 3L.52 1 0.737 | 0.896 | 597 | 1,66 | 11070 | 64.9 | 6b4.6
40,0 | 33,74 i C.057 1 0.858 | 662 | 1.65 | 13740 | 61,1 | €0.9
42,5 , 33,12 ' 0,591 : 0,802 | 478 | 1,63 | 17150 | 56.8 | 56.4
45.0 . 32,72 + 0.540 , 0,732 4 859 4 1,63 s 21600 . 51.1 i 51.1

In column (5); Ny = 60 voy sig, . d = 1273 vy,

In coluan (7); SHP = NS¢S/30.75, where
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RESTRICTED.,

Cavitotion Tunnel I of Hamburgische Schiffbau

Versuchsanstalt, Cont'd.

- SN 60)2 a5
Q - cz /s' (hs/w) ds)

s
Cp = i/ % N2 a5, and
2 “c n c"/ __(:," c ?
i 60,
N, = &M of cavitation model.
Then SHP = (—T.— {8 ..¢5 /N_ 2
30.75 ‘/"c A ) / -I-q'g‘ . Ns\:&c
/ . c"
R et e
Since N /60 = v vd_and N 60 =, o
c/ ac/;; " e s/ ERERY ’l//fo /:
Th (N‘ )2 2 | )
en (8)7= (v v .2
Ne ( am B.C) ('. . m/{;,: c)
- .t 3
Therefore SHP = (Ll L8 T . Vamy® i ¢

i
- O. 633 v 2 N %
am sc

In column (6), the value of Q_ was obtained from the cavitation
characterization curves replo%ted with { as ordincte, .7 as
absccss, and 7 : as the parameter (Fig. 29).

In column (8) the cfficiency was determined as follows:

- 60T v _,1 RN ; 20
- s ‘as/”s s 8 Adg Ts/ s

Tgpig = C3/Cp% dg = Tc/-;zc,.{c

v = AT d L T
e c ¥ c
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RESTRICTED.

Cavitation Tunnel 1 of Hamburgische Schiffbdu
Versuchsanstalt, Cont'd,

In colunn (§) the efficiency was recaleulated by using the thrust
T! and the SHP of column 7.

-
7 - ?m “\M? vam _n - 331.0 Té Vom

i 75 SHP SHP

Fig. 28 shows thc comparison of the cavitation test re-
sults with the sample full sealc trisl results. Since a por-
tion of the data used was fictitious, the average error between
model and full scele results of about 2 percent is not indica~
tive of the average error of actual tests at Hamburg.

Very few cavitation tests for comperison of model tests
to full scale trial results were performed in the Hemburg
tunnel, since trial recsults of navel vessels were seldom
made aveilable to the tank personucl., Ordinarily, propeller
cavitation characterization data was forwarded to O.hails 7
and the Navy personnel made their own analysis of model and
full scale test results.

IIT. Cavitation Tunnel 11 at Hamburgische Schiffbau
Versuchsanstalt,

A, Purpose

During the final preparations for world War II, the need
arose for a new large cavitation tunnel at the Hamburg Model
Basin to be used for the following work:

(1) cavitation tecsts of full scale torpcdo propellers,
both singl: screw and contra-turning,

(2) propulsion tests at reduced pressure of complote
shir model forms mounted in the tcst section in
order to obtain acturl flow conditions at the
propellcrs,

7Obcrkommando der iriegsmcrine. 6
-62-
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RESTRICTED,

Cavitation Tunnel II ot Hamburgische
Schiffbau Versuchsanstalt, Cert'd,

(3) propeller scale effecct tests,

(4) routine propeller cavitation characterization
tests, and

(5) tests of specizl devices, such as sound domes.
Since the new tunnel was intended primarily for propeller
studies and tests, the design followed closely the features of

the first Homburg cavitation tunnel as it was finzlly altercd.

B, Tunncl Description and Frincipcl Characteristics.

Construction of the world's largest cavitation tunnel
was started at H,S.V.4, in 1939, The shipbuilding firm, Blohm
znd Voss in Hamburg, fabric-ted the all-welded tunnel structure
from shipbuilding steel. The elbow aft of the test section
was divided and had & large radius of curvature similar to
the design of the smaller cavitation tunnel, Instruments were
procured or manufrctured by H.5,V,..

The new cavitation tunnel, shown diagrammatically in
Fig. 29, has the following principal charactericstics:

Test section

Height 1.2 meters (47.24 in.)
Yidth 2.4 meters (94,49 in.)
Length 5.3 meters (208,66 in.)
Jeximun velocity 8 ¢ m/sec (16 knots)

Vertienl height between upper and lover legs 9 m. (32.8It)

Driving motor
Horsenower 400 H.7,
ool 1000
Voltoge C to LhO V., L.L,

Fropeller rump ikl 250

bl
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Cavitation Tunnel II at Hamburgische ] o
Schiffbau Versuch.sanstalt, Cont'd.

Propcller dynamometer

R Horsepower (max.) 120 :
e KPM 200 to 2500 ' o
Jdoximum thrust 1000 kg (2200 lbs.)

lain vacuum pump

Horsepower 2.5 .
Capacity 5Om3/hr. ' ?

auxiliary vecuum pump

Horsepower 0 7;
Capacity 15m”/hr.

The test section of the tunnel was made unusually long
to permit the insertion of ship model forms for propeller cav-
itation tests under actuzl conditions of variablc wake and
angular flow, Figs 30 shows the upper section of the tunncl
| including the nozzle, test section, ana the divided elbow down-
: . { "stream from the tocst section, The close-up view of the test
Ay scction in Fig., 31 shows the large observation window and the
R sm2ll windows on czch side of the test section for permitting
good visual cobscrvation and sufficient light for photography.

S The lower sections of the tunnel are shown in Fig. 32 °
U oA ~nd 33. The driving motor supported on a fixed foundation,
: (Fig. 34) hus an indepcndent forced-air cireulation system
for cooling. To allow for the expansion or contraction of
the tunnel with changes in tempercture, the structure is
supported on seven large rollers of 0.35 meter (13,8 inches)
diemeter at the c¢nd opposite the driving motor (Fig. 25). ®

The arraangoment of guide vanes and honsycombs is illus-
trated in Fig, 29, No vanes arc used in the large radius bend
at the dynamometer, » cascnde of short vanes is used at the
driving motor cornecr, 2 single long vane with a well-rounded
bend is uscd at the lower left corner, and four circular arc °
guide vines arc used in the upper corner next to the nozzle.

66~
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Cavitation Tunnecl II ~t Hemburgische
Schiffbau Versuchsznstalt, Cont'd.

Fig. 31

HeSo Voo CaVIT.TION TUNNEL IT, JUNE 1945,
CLOSE~UP VIEY OF THI TEST SECTION.

The small window in the panel adjacent to the large wine
dow in covered with o sheet metal plate,

68—
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Cavitotion Tunnel II at Hamburgische

Schiffbau Versuchsanstalt, Cont'd.

Fig. 32
C.UIT.TION TUNNEL II, JUNE 1945,

oy

H.S.Vau.

The verticnl, rcctangular shaped divided secticns con-
verge ~bove the lower horizontal section at the driviang mctor
end. The lower horizontal sestion is eireular in way of the
propcller pump.

b=
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-
= Cavitation Tunncl IT at Hamburgische
- Schil fbau Versuchsanstalt, Cont'd.
o .
' o4
s
..
2 ‘. .
2 Fig. 33.
SR &
._:" He3uVeao CAVIT.TION TUNNEL II, JUNE 1945,
o Th: cross-section of the tunnel changes from circular
. in the lower horizontal leg to rectangulor in the vertical
H . leg leading {o the nozzlc.
) 70~
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; Fig, 34
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Cavitation Tunncl II 2t Hamburgische
Schiffbau Versuchsonstalt, Cont'd.

Fig. 35

H.5.V..ie C.VITATION TUNNEL II, JUNE 1945.

Roller wrrongement to ..llow for Exnansion of the Tunnel
Structure.
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Cavitation Tunncl IJ at Hamburgische
Schiffbau Versuchsanstalt, Cont'd;

Hongrcombs for straightening the flow are installed in front
of the propeller. pump and just bofore the nozzle contraction.

Two spceial boilers in an adjacent room can provide warm
water up to about 60°C (1409F) for filling the tunnel in order
to obtain lower cavitation numbers and conduct basic rescarch
tests., To minimize heat transfer from the tunnel to the room,
the tunncl was intended to be completely insulated by the use
of fibre glass bats and light metal sheathing installed between
the webs of the tunnel struecture. Fig. 30 to 33, inclusive,
indicate that this work was only partially completed in June,
1945,

The complete power requirements for the lorge tunnel are
provided from a new 600 H,P,, 220 volt ..C, generator in the
power station. The speed of the impeller motor drive and the
propeller dynamometer drive are controlled by Jiard-Leonard
systcms,

The interior of the tunnel is painted with the same
special chlorc-latex paint used in cavitetion tunnel I,

C. Measuring Instruments.

1. Propeller Dynamometer Arrangement.

Tne propeller dynamometer driving arrangement shown
in Fig, 36 is very similar in principal to the final altered
arrangement of cavitati~n tunnel 1. A compensating chamber
evacuated by a separate acuum pump, compensates for the
thrust correction due to the pressure difference: . between
the tunnel interior and the atmnsphere, No automatic pres-
sure control device was installed to maintain eguality of
pressure in the tunnel and the compensating chamber because
of the unsatisfactory operution of the apparatus installed on
the old tunnel. (Fig. 6). However, Dr, Lerbs stated that
the compensating chamber method of eliminating the thrust
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Cavitation Tunnel II at Hamburgische
Schiffbau Yersuchsanstalt, Cont'd,

correction correction was advantageous only if an automatic
regulating device was also used, Therefore he intended to
develop a2 more satisfactory automatic device for the large
tunnel,

The sectional view of the dynamometer apparatus,; Fig.

37, shows the double shaft arrangement, the thrust balance,
and the calibrated torsion rod arrangement, which are
similar to the final installations for cavitation tunnel I
as described in rart 11, Grease is used to lubricete the
outer shaft bearings and to seal the stuffing box betwecn
the Buna rubber seals. The main stuffing box and bearingre
installation is cooled by a water jacket. The torgue is
measured by a potentiometer and "eross-spool', or balanced
bridge instrument shown schematically in Fig. 4. Several
sizes of torsion rods are uged to cover the complcte measur-
ing range of the dynamometer, For c.ulibrating the torsion
rods, the apparatus shown in Fig, 38 is mounted on the
propeller shaft in place of the model propeller, and weights
are suspended from the arms, ‘

The thrustmeter was actually installed on thc end of
the thrust balance arm next to the pressurc compensating
chamber instead of the tunnel end as shown in Fig., 37. The
finl arrangoment of the dynamometer apparatus as of June
1945 is shown in Fig. 39,

The water spesd is mcusured by a pitot tube in the
bottom of the tcest section in the plane of the propellcr,
(Fig. 38). Static pressure is measurcd from a pressure
tap on thoe side of the test ¢ .ction at the height of the
shaft center,

2. Testing arrongunent for Zomplete Ship Model Forms.

No tctutl propeller ervituticn tests had been performed
with rropellers opcrating behind a complete ship model shape
beeiuse the tunnel instruments had been dumanged by fire from

—75-
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Cavitation Tunnel II at Hamburgische
Schiffbau Versuchsanstalt, Cont'd,

Fig., 38

H.S.,V.A. CAVITATION TUNNEL II, JUNE 1945.

hn interiqr view of the test section shows the apparatus
for chlibrating the torsion rod., On the bottom of the test
section on the right side may be seen the pitot tube for meas-
uring the water velncity.
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Fig. 39.

Ho8.V.A. CAVITATION TUNNEL II, JUNE 1945,

DYU.GiOMETELR INST.LLATION.
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Cavitation Tunnel IT ot Hamburgische
Schif foau Versuchsanstalt, Contid,

incendiary bombs in August, 1943 and repairs were not quite
completed whan the war ended, However, a preliminary design
of an ervangement for testing models with one to five screws
wng completed in 1943. Fig. 40 shows a ship model form
rmounted in the test section. The dynamometer inner shaft

is connected to a wotertight aluminum gear casing frecly . |
suspended from the top of the test section inside the model.
The casing houses the gear arrangement for driving the in-
dividual model shafts. The total thrust and torque can be
measured directly with the propeller dynamometer thrust and
torgue measaring instruments, It was intended ultimately to
devise & maethod for measuring the thrust of the individual
shafts by using small pressure capsules. The water speed was
to be determined by a speed calibration with equality of thrust
for the cavitation test and the basin propulsion test,

Difficulties could be expected in obtaining constant
and sufficiently small friction forces for accurate measure-
ments, #lso, in view of the size of the model compared to
tne test section, the lines of flow and wake distribution
at the propeller could be considered only approximate. Never-
theless, the method aprears feasible as a first approach to
a difiicult problem,

3. Test huparctus for Contra-Rotating Propellers,

An arrangement for testing contra-rotating torpedoc
propellers in the large cavitation tunncl was designed
by He 5. V. A, in 1943 and was under construction at
Gurmania werke, Kiel at the end of the war, Fig. 41
shows the measuring apparatus built in a watertight
casing in th: form of a torpedo tail section, The drive
shaft. of the propeller dynamometer drives a diffcrential
bevel gear train in the extreme tail section so that the
foiward propeller turns in the samc dircction as the drive
shait and the after propeller turns in the opposite direction.
The total thrust and torgue can be measured with the con-
ventional thrustmeter and torsionmcter of the propeller

-..7 9~
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Cavitation Tunnel II at Hamburgische
Schiffbau Versuchsanstalt, Cont'd.

dynamometer. The torque of the forward propeller can be
messured by an additional calibrated torsion rod and po-
tentiometer in the inner housing of the apparatus, Ball
bearings are used throughout the mechanism to reducc the
friction forces and Buna rubbey spring seals are used to
preveat ingress of wcoter at the propellers end the drive
shaft.,

This contra~rotating proveller test arrangement is
advantageous in that the propellers are operating in an
apsroximetely corrcct wake field so that the load dis-
tribution over the propeller radius approximates the actual
operating condition.

IV Cavitation Tunncl at Nederlandsche Scheeps-—
bouwkundig FProefstation, Wageningen,

A, Deseription of Installation,

The cavitation tunnel at wageningen, shown in Fig. 42
was constructed in 1939 and hns been described fully in pub-
lications (6, 7). For convenience, the principal character-
istics will be listed, together with supplemsntal unpublished
“informestion,

The tunnel wes designed primarily by personnel of the
Hamburg basin in 1938, Thc design of the lower sectioun,
including the elbow before the propeller pump, was based on
rcsults of wind tunnel tests at the Netherlonds Technienl
College in Delft. Unlike the twe cavitation tunncls at Ham-
burg, which arc of all-welded construction of shirbuilding
steel, the vageningen tunnel is constructed prineivnlly of
cast st-el except for the two vertical connecting scections,
the heating jocket scetion, and the honeycomb section, which
are of weclded steel plate construction. The tunnel structure
was fabricated by L.V, lerkspoor in .msterdam, the instruments

~82~
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RESTEICTED,

Cavitation Tunnel at Nederlandsche Scheensbouwkundig
frecfstotion, “apeningen.

were designed and furnished by H.S.V.a,, and the electrical
syuicnment was furnished by N,V, Electrotechnische Industrie
in olikkerveer,

The orincipal cheracteristies of thc tunnel ares

Test szction
height 0,9 m. (35.4 in.)
Width 0.9 m. (35.4 in.) | 2
Cross-secticn arca 0.77 m? (1192 ins“)
Length 5.0 m. (16.4 ft.)
Veloeity 10 + m/sec  (19.45 knots)

4lternate test section
Height 0,65 m (25.6 in.)
Liidth 1,30 m (51.2 in.)

Vertical height between upner and lower legs 7m.
(23.0 ft.)
Driving motcr
Horsencower 300
Ry 1200

rropeller punp REM 300
Model rropeller dynamomcter
Horscrower 250
KR (max) 2500
Thrust. (mux) 1250 kg. (2756 1bs,)
laximum mocel propeller diwvicter 0.5 m., (18,19 in.)
The messuring instruments for torque and thrust, the
wator speed pitot tube arrangement, the static prossurc
rossurement, the greasc sealing method, ~nd the compensating

choimber for eliminating the thrust correctin duc to the
pressure differcncs betwoen the tunnel test sceticn o d the

~8l,-




RESTHICTED,

Cavitntion Tunncl ot i'ederlandsche Scheensbouwkundig

yroefstation, .ageningen, Cont'q.

Fig. 43

UAGRICCGET CLVIT TION TUF ZL, JUIY 1645.
Test vection rnd O-eratin_ .tation,
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Cavitation Tunnel at Hederlandsche Scheensbouwkundig
iroefstation, .ageningen, Cont'd.

Fig. 4L4.

AGEVINGE? CAVIT.LTI M TUNVEL, JULY 1945,
A view of the uprer level of the tunnel shous tne nozzle,

test section, ana the three-component dynamomcter installed
above the test section,

-8
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Cavitation Tunnel at Nederlandsche Scheepsbouwkundig
Froefstation, .ageningen, Cont'd.

large cavitation tunnel, ouch work was contemplated, but
test arrangements have not yet been designed.

An alternate rectangular test section, 1.30 meters wide
0.65 meters high, and a suitable nozzle (Fig. 45) can be in~
stalled in the tunnel for testing hydrofoils. Up to the
nresent time, the rectangular test section has never been
instelled. A horizontsl truss of adjustable length can be
used to force the vertical tunnel sections apart for instal-
ling the alternate sections, as well as to provide additional
strength.

“then the German army evacuvated from the .ageningen
area about april 1945, all of the tunnel instrunents were
damaged or destroyed and the itain driving motor and the
pover supply motor-generator were removed. Fig. 46 and
47 show the condition of the tunnel in July 1945.

B, rrojects and nesearch,

During .orld .ar II little work was accomplished in
the ageningen tunnel except for the German firm Sachsen~
berg, designers of the hydrofoil speed boats VS-8 and VS-10.
A large number of VS-8 and VS-10 wide blade, high speed
orovellers with pitch ratios up to 2.0 were tested for
cavitation characteristics, The methods of testing followed
those used by Lerbs. 1iost characterization tests were con-
ducted with a constant water speed of 5.5 or 6.0 meters per
second. Ur, van Lammeren noted that at the low values of
vhe speed coerficient,
Va , the thrust coefficient curves for different values
Tvnd
of the cavitation number tended to converge at one value,
This could probably be explained by the fact tihat complete
suctionside cavitation occurred for all *he renge of cavi-~
tation nunbers tested at the low speed coefficients.

-88~
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Cavivation Tunnel at Nederlandsche Scheepsbouwkundig
krvefstation, Wageningen, Cont'd.

Fig. 45.

WAGENTHGLYW CAVITATION TUMNEL ALTERMNATE NOZWLE.

The alternate nozzle, 1.30m. wide and 0,65 high at :he
exit, i1s intended for testing hydrofoils in tne tunnel.

-89~
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l Cavitation Tunnel at Nederlandsche Scheepsbouwkundig
rroefstation, .jageningen, Cont'd,

Fig. 46

JAGENINGEN CAVITATiuN TUNUEL UPPER LEVEL, JULY 1945.

All of the mezsuring instruments are danaged or destroyed.
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Cavitation Tunnel at Hederlandsche Scheepsbouwkundig

Proefstation, :ageningen, Cont'd.

5 . N

Fig. 47
VAGENTNGLN CaVIT.TION TUNKEL 1O /ER LEVER, JULY 1945.

The main propeller driving motor was removed by the Ger-
man Arny.
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Cavitation Tunnel at Nederlandsche Scheepsbouwkundig

Proefstation, .ageningen, Cont'd,

In order to test the lifting hydrofoils used in the
Sachsenberg hydrofoil boats, a large three-component dy-
namometer was constructed on the top of the tunnel test
section. (Fiz. 44). The installation was not completed
at the end of the war in Europe and no hydrofoil tests
had been performed. The measureing elements intended to
be used for measuring the component forces were the cen-
trifugal type dynamometers developed at ‘ingeningen. Fig.

L8 shows schematically the method of measuring a force
with the centrifugal dynamometer. I1f the force is greater
than the reaction of the dynamometer; the circuit to the
small series motor closes, the dynamometer accelerates, and
the weights move outward by centrifugal force. By the pivot
arm arrangement of the dynamometer, the shaft to which the
force is applied moves inward to reopen the contact to the
motor ¢ircuit so that the motor slows down and the cycle is
repeated. An electric contactor on the motor shaft records
the motor RP{ as a measure of the force component. Forces
as great as 25 kg. (55 1bs,) can be measured with a 1/16 H.P.
motor,

As a result of the overzll propeller cavitation exper-
iences at wageningen, a formula has been devised for the min-
imun projected area of ship screws without loss in efficiency

from cavitation: T/Ap = 1.955 (p, - »,) 0.733.va0.535

where T = thrust in kg,

AD

&

Po

2

it

total blade projected area in m

static pressure at propeller center in

kg/m2

vapor pressure in kg/m*

o]
H

- speed of adv:mnce in m/sec.

<
'
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RESTRICTED.

V. The Cavitatign Tunnel at the Kaiser Jilhelm
Institute, Gottingen.

A, History of Develuvpment.

A small cav1tatlon tunnel for general research had
been constructed at Gottingen in 1927, with the advent
of World “Jar 1T, problems of high speed flow in connection
with the movement of projectiles in water, determination
of constant pressure surfaces, and the air-water entry
problem arose. In order tc investigate these problems,
it became necessary to design an installation in which
cavitation numbers as low as 0.0l could be attained. Dr,
Reichardt, working under Frof, Prandtl, made an analysis
of the tachnical problems involved in such an installetion.
In order to avoid the necessity of constructing a powerful
installetion to obtain low cavitation numbers by increasing
the stagnation pressure q , Dr. neichardt supervised the
complete redesign of the orlglnal cavitation tunnel to a
"free- jet' arrangement, with the result that very low cavitation
numbers could be attained by reducing the static pressure Pye
The free jet tunnel was coastructed in 1942 and has been in°
operation for slightly over two years,

The following description of the originel installation,
the technical problens involved in the design of very low
cavitation numbers, and the description of the final tunnel
design were obtained from conversations with Ur. Reichardt
and from a condensation of a recent report of the haiser
Ylilhelm Institute (8),

B. The Uriginal Gotiingen Cevitation Tunnel,

The ¢ld e.vitztion insicllection shown in Fig. 49 was
in the form of A ¢losed gircular channel employing a cen-
trifugal pump to circulate the water from a large vertical
chamber of 1.7 square melers cross scctionnl area, through
the nozzle, test section, diffusor, elbow, rcturn duct, pump,
and boek to the verticol chamber. A vacuum pump was connected
above the frec water surfice in the vertieal chamber., The
static pressure p_denended on the air pressure above the
water surfoce, tng. height of water in the chamber, &nd the

~Ql -
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The Cavitation Tunnel atAthe haiser “ilhelm
Institute, Gottingen.Cont'd.

momentary pressure drop through the nozzle as well as ks
minor effects of model displacement and cavitation bubbles
on the model and in the test section. Since static pressure
of the undisturbed flow, p_, rannot be measured dircctly in
o2 "

a closed channel, the approximate pressure p_ ' was measured
in the vicinity of the model and & correction applied. That
is, ‘- A .

P, :n?o}a-_kqo where k.is a factor thch dépends primarily

on the displacement effect of the model. The static pressure
tap for p_' was made in the test section just zhead of the
model, ana,thehpressure tap py in the nozezle antechamber. To
indicate pressure differentials, the mereury gage shown in
Fig. 50 was connected to the pressure points through water.
filled tubes. Leg a was.connected to the level chamber.:
whose water surfzce coincided with the vertical center of
the. test section, leg b to the tap p ', and leg ¢ to tap

P... . The water .surface of the level chfmber ves open to
aEmospheric pressurse.psy. . Between a and b the pressure
differential p. - p '.and between b and ¢ the pressure
differential p. - p ', nronortionzl to the stagnation
pressure, were indifated. The vapor pressure for the appli-

* cable temperature, determined from steam tables, was used

in calculating the cavitation number. In order .to es-
tablish a ghven cavitation number, five values were ne-
cegmary, idcluding the four measurements p, - » ', pi, Py =V ',
water temperature, and the channel correctfon fgctorak., o
A later simplification was made by using a scale with
novable pointers hetween gauge legs a and b, as shown

in Fig. 5. The upper pointer was set to the scale value

(pg = p,). By moving the sccle, the pointer was brought

ingo agreement with the mercury level b, If thc lower
pointer was-then adjusted to the mercury level of leg a
without moving the scele, the value (p, -p ) - (pg = p,")

- poﬁ.—.p; C qo'could be read diréctfyl M '

The original tunnel installation was satisfactory with

values of . ; 0.1 but accurate measuremcnts at lower values
were not possible,

-5 6~
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The Cavitation Tunnel at the haiser Wilhelm
Institute, Gottingen. Cont'd. .

The corresponding distance h from the model to the top of the

test section id only h = glaigﬁzlg = 4.08 inches.

Therefore, it can be seen that a very small test section and
conse uently very sma2ll models would have to be employed to
obtain very low cavitetion numbers with a closed channel,

With the test section arranged as a free jet, Fig. 51,
tae same static pressure exists on all sides, but the accel-
eration of the fluid particles due to gravity produces some
curvature of the streamlines, 'ith a horizontal jet, the
streamlines are essentially parillel, but with a vertical
Jet, the streamlines are divergent. The influence of the
bendirg or divergencé becam:s smaller as the stagnation
pressure increases, %hile very low and constant cavitation
numbers can be obtained vith a free jet, small models must
also be specified if the influence of the curveture of the
streamlines is to be kept negligible at moderate stagnation
pressure,

3. :.ethod of .leasuring the Static Pressure n_ !

0

In a closed jet installation, the static prescurc is
normally obtained fron a tap ir the test section. bven
a very slight burr at ilhe pressure tap introduces errors
in the static pressure measurement which become increasingly
important at low cavitztion numbers., slso since watoer pres-
sure is measured, water must also be used as the medium of
pressure transfer in the connccting lines to the manometer.
Unless the manometer is installed well below the test section
and the eonnecting lines to the pressure tap are very straight
s0 that the pressure in the lines is aiways grcater than in
the test section, erroncous rzadings may occur due to the sep~-
aration of vapor or dissolved air in the connceting lines at
very low cavitcotion numbers. The ossibility of this crror
can be avoided with ccrtainty if vanor or gas is used for
transmitting the prestwre p ', in w.ach case a leveling cham-
ber sucl. as shown in Fi_, 53 can be used to afford a trans-
ition from the ges to the fluid nhasc,

-Gt =
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*

The Cavitation Tunnel at the haiser Wilhelm
InstltthA,bottlngen. Cont 'd.

With a free jet, the pressure p ' can be measured di-
rectly from the vapor or gas surrounalng the jet, without
© the possible source of error arising froh any sllght burr
at the pressure tap or without the neeeﬁszty of using a
levellng .chamber.

b, :igthod of iicasuring the Subble bressure p,

With the previous installation at thtlngen and at other
institutions, the vapor pressure, p,, has been used to cal-
culate the cavitation number., At very low cavitation numvers
the deocndcnce of the vapor pressure on temperzture makes
possible 1argg percentage errors of the cavitation number
with. small tenperature changes. Also the actual bubble
pressure, .p., is normally greater than the vapor pressure,
pv"d“e to Bissolved aig in the waSer, ’

An jingenious, though extremely simple method has been
provosed and adopted by Dr. reichardt to measure the actual
bubble pressure and use that value in the cavitation number
in place of the vapor pressure, A diagonally-cut tube pro-
jeeting slightly through the wall of the test section with
the sharp edge to the stream creates a cavitation bubble omn
the wall. Th. pressure in the bubble can be transmitted di-
, rectiy through the tube to a manometer., ith a free jet in-
Ljstallatlon, the static pressure p ' can be. measured directly

againsy: the bubble pressure py (sec Fig. 51), so thot the
manometer reads p0 = Dy whlch is the numeratoir in the
.CAMAtatlon number after the channel correction is applied.

The latter method ‘can also be applied to opcn jet
tunnels, such as those at the vavid Taylor .odel Basin and
.;assachusetts Institute of Technology, by creating an art-
ificial bubble on a small faired plate¢ or body in the stream
_at thc test scction and measuring the differcnce in pressure
" between the free surface and the bubble, 4n additional hydro-
static presgsure corrcction would have to be apnlied for the
head of water over the model in the test section to obtain
the riumerztor of the cavitation number,

«100-
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The Cavitation Tunnel ot the daiser vilheclm
Institute, Gottingen, Cont'd..

into the diffusor., In an actual test, alternating disturbance
pressurcs produced rythmic fluctuations in the flow threugh
the test section after cavitation advanced vell into the exe
pansion chamber. Th¢ arrangoment whereby the pressure in

the test secetion is held constant was not tested in that it
was considered unfavorablc from the point of view of stability
with cavitation.

As a study in determining mcans of converting the
strcam kinctic cnergy into potential energy in a frce jet
installation, the scheme shown in Fig. 53 #as considered.
with the vertical jet or fountain arrangement, the stream,
with 1ittlc romaining kinetic energy, is cauvght in a hori-
zontal chamber from wnere it is led down to the pump and
nozzle., 4 small additional pump is ncecssary to remove the
fluid from the verticeal tube caused by splushing in the ovep-
head chamber, The variation of the water veiocity in the
test section is limited. The lower limit is that velocit,
which is necessary to l1ift the water to the upper chrmber
and the upper limit is governed by the adaditional pressure
which ¢an be provided by the pump., The vacuum pump can be
connected to the gas space about the vertical stream and
the upper chamber, %While strcam energy can be recovered
by this method, the disadvantages of velocity limitations
and operational complexities outweigh' the advantzges of
cnergy rcecovery, espcecially for a amall installation,

D. The ilew thtingen Cavitation Tunnel,

1. Tunnel Description,

The final design of the thtingen tunnel emnployed a
free jet arrangorent in order to obtain very small cavita-
tion numbers which are constant throughout the streem,

Jhile avoiding the hydrostetic pressure field of the closed
Jjot tunnels, other disadvantages such as low energy recovery
and slight bending of the streamlines had to be accepted,
Figures 54 to 57 illustrate the final tunnel design, The
origiial cylindricazl chember, having a cross-scction of 1.7
syuere meters (18.25) s uire ft.) is emloyed as a reservoir
8For height of 33 ft. of watcr, the lowest velocity is about
27 'nots, -

~102~
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The Cavitation Tunncl at the Kaiser vilhelm
Institute, Gottingen, Cont'd,

for rceeiving tnc horizont:l free stream., The large scctipnal
area of the reservoir is advantageous in preventing rapid tem-
peraturc changes, avoiding fluctuaticns in the pressure head,
and providing a Low downward strcam velocity to allow vapor
and air bubblcs to scparate out of the stream. The piping
sections have becn enlarged to a cross-scctioncl area of 0.16
square meters (1.72 scuarc fcot) before the nozzle, The ree~
tangular test scction mcasures 0.15 meter wide by 0.2 meter
high (4.92 inchos by 6.55 inches) at the nozzle exit, A
centrifugel pump powcred by a 50 K. motor, has 2 normal cap-
acity of 300 litcrs por seconrd when providing a free jet
vcloeity of 10 meters per second (19.45 knots). 4 conven—
tional honcycomb is provided before the nozzle. In order

to calm the flow inside the boiler, a grating is installed
directly below tihc boiler, VWithout the grating, air bubbles
arc entrained in the streom at jet velocitics groater than

5 .eters per sccond,

The jet of the thtingen tunnel is not complctely "free"
since the sides of the strean are guided by weils, The front
wall is made up of a hinged glass window which con be opcened
for instulli.g tie model., The test scetion is made of light
metal witn the nozzle inscrted zt pne end 'nd the other cnd
connceted to the reservoir by an irtcermediate casing. The
model can be lighted from above nd below through plexi-
gloss windows in the casing and observations can be made
through an airtight nlexi-glass door in front,

2. Threc-Component wJynamometer Installstion.

The forecs on a moael arc measured by 2 three-compopent
dynememcter cesipned by Dr, .lchner and developed by Frossel
and Kunze. As shown in Figure 58, thnis dynomomcter is designed
to mcasure o force component by me:ns of a doublc spring system
in wnich micromcter cdials arce used to determine the wxten-
sion and contr.ction of the sorings nccuossery to bolance the
applied force, «n illuminated optical systan is used to de-
termile when the midpoint of the soring systwn is rosteored

~107 -
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to ita neutr:l or zurc forrec position. Only onc camponent nin
be nmcesured at ‘a Yime by eennceting the desired pivot ef the
bell erank lover systen while the other pivots are frces The
meximun forcce whieh ezn be rmcagured is about 21 pounds. The
anglc of attack of the medel é¢2n be adjusted from +30° to ~ 307
by me.ns of a micrometer dial, Preeision ball bearings are
used for tne pivots to roduce frictional errors.

The dynanometer ¢an be mounted on the back wall of the
test scction at three locations at centerlinc distances of
9, 26 and L4 cantimotors from the nozzle outlet. The medel
is supported by a2 rod which is sonnected to the movable parts
of tie scilos by 2 spsecial flat lever arrangcment, &s shown
in Fig, 55. The laver gear is completely encased to protect
it from the flow, while all othcr moving parts are protected
against splashing by scrocns. The cacssed flat lever arrangee
ment is arranged in thc vertical centerline to pierce both
surfaces for reasons of symmetry. The model is placed suffi-~
ciently in front of the lever so that the flow about the model
will not be influenced. OSince the strecam is separated from
the dynamometer by the back guide wall of the test section and
the lever system penetrates the stream from above, practically
no water can rcach the dynamometeyr. In starting or stopping
the pump, however, a closing arrangement is necessary, since
the chamber around thc test secction is filled with water,

3. Tunnel Operation,

After installing the model, the forward guide window
and casi.g are closed, the pump is cut in and the plpirg .
from the p, prossure tap (Fig, 51) is vented. ‘hen the stream
is producea , the leakage water is drained from the casing
about the test scetion and the closure to the dynamometer
is opened. The vacuum pump is ecut in next and the prcssure
inside the test section reduccd to the desired value. The
manomcter for mcasuring p! - p, valucs first remains short-
circuited ¢ avoid water @ntering from the p, opcning. (Sce
Fig. 51). After thc pressure is reduced so Ehat 77046,
the short circuit ic relcised and the cavitation bubble appears
at thc py, hole ~nd the manomcter reads the pressure pé’ - Py
or approximately - U
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RESTRICTED,

The Cavitation Tunnel at the naiser :ilhelm
Institute, Gettingen, Cont'd,

large elaborate equipment., An apparent advantage is that a
high spesd motion picture camera could be placed in a single
location to record the complete entry cycle pietorially. Dif-
ficulties could be expected in controlling the shape of the
stream front and, consequently, in determining the correct

impact angle,
5; Cavitetion Projecti

In addition to utilizing the Gottingen ccvitation tunnel
for air-water entry studies, other new fields of development
and research were undertaken by me:ns of cavitation bubble
investigaticns. In order to reach as high flight speeds as
possible without locally exceeding the velocity of sound,
airplane forms such as .ie-262 were tested to determine the
form whiech showed no noticeable cavitation at low cavitation
nunbers, As an immediate method of determining approximste
constant pressure surfaces, the form of an appropiriate cavi-
tation bubble was determined when using a model consisting
of the cowling and the wing leading edges opnly. The abrupt
discontinuity of the wing section behind the leading edge
induced a cavitation bubble whose form at varicus longitudinal
sections could be reeorded by stereoscopic photographs, or
by ordinary photographs in which the bubble interfaces were
illuminated by a thin line light source from above. By using
the cavitation bubble es en approximate constant pressure
surface, new forms of engine cowlings were also developed.
The usefulnees of the forms of cowlings determined by cavi-
tation investigations was confimed by pressure distribution
measurements in the wind tunnel. In addition, cavitation
investigations for the determination of the form of the trans-
ition from the wing to the fuselage and from the wing to
the engine nachelle had been started,

Through the cammission of the Chemical-Thysical nesearch
Institute of the German nevy, investigations of model under~
water rocket projectiles were undertaken in the cavitation
tunnel to observe the flow and record three-component meas-
urements for determination of drag and stability. The prob-
lem of instability of the underwater projectiles had not been
solved,
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RESTRICTED,

The Cavitation Tunnel at the nai!g}; jihelm
institute, Gottingen, Cont'd.

General research studies of cavitation bubbloe beohind
different bodies were wulerway to determine the cross section
of the cavitation bubble as a funstion of the body drag. Also
the contoura of axially eymmetric cavitation bubbles with
nearly constant pressure distribution had been ealewlated by

the source-sink method., It was detsymined that the longitue
dina) sectiong of the elongated bubble at low cavitaticn nun-
be{o could be represented approxinately by the geperalized
ellipase:

e 1Y+ 2.
@2+ D> 21 hare

3 2 majer radius
b = pinor radius

© - VI. Cavitation Tunnel at J.ii. Voith Maschinen-
fabriken, deidenhejm,

A. Description.

About 1937 a closed eireuit cavitation tunnel was
erected at the Brunnenmuhle resecarch plant of the firm
J. ki, Voith for the purpose of testing model Voith-3ch-
neider propellers at reduced pressures. The tunnel is
of welded nlate construction in the usual vertical ring
shape. The lower horizental leg and the vertical legs
are circular in eross section, but at the upper elbow
before the test scction, the eross section becomes rec-
tangular. all of the corners are well-rounded without
guide vanes, except the upper corner before the measur-
ing section. Fig. 6l shows the four guide vanes in the
syuare upper elbow before the test seetion and two guide
plates in the converging noszle.

Power for circulating the water is supnlied by a 16
H.y'. motor driving a controllable-pit¢h kaplan turbine
punp of 0.5 m. (19.6€ in,) diameter. The lower horizontal
leg is loccted 10 m., (32.8 f%.) below the upper lecg in order
to prevent air being sucked in at the pump stuffing box and
to preclude tavitation oa the pump blades,
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RESTHICTED,

Cavitation Tunncl at J, 1, Veith .asshinenlabriken,
Heldenneim, Cont'd,

Fig. 61.

VOITH CAVIT.TION TUNNEL.,

The upper elbow before the converging nozzle indicates
the welding for the four guide vanes, The locction of two
adaitional guide plates can be seen on the converging nczzle
secticn,
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Cavitation Tunnel at J.M, Veith maschinsnfabriken,
Heidenheim. Cont'd.

The test scelion is rectaagalar with width D.70 m.
(27.56 in.) and height 0.25 m. (9.84 in,). The maximum
water speced in the test section is 1.6 m/se¢ (3.11 knots).

Over the test scetion is mounted a cylindrical nhamber
which hcouses the dynamomcter. (Fig. 62). Several glass
ports are installcd in the chamber casing for reading the
dynamometer. A small vacuum punp is also connected te the
chamber for reducing the pressure over the frec surface.

Since the dircection of the thrust of a Voith-Schneider
propeller is normal to the rotation axis, it is not. possible
vo transmit the thrust and torque through the same shaft,
Fig., 63 shows the dynamomcter and propeller installation in
the chamber, The dynamometer motor-mcdel propeller assem=
bly is suspendcd by cables so thet there is an anpular clcar-
ance inside the chamber, The whole frame can b2 roturned
to the center nosition by a calibrated spring; the spring
tension, which is rclative to the thrust, can be read on the
scalc outside the casing. The driving motor stetor is sus-
pended so tin2t it can swing about its own axis against a
resisting spring force; the angular distortion, which is
rclative to the torque, can be read directly from the out-
side of the chamber through a pcep hole, Sinecc the model
cavitation propeller is only 0.2 m. (7.87 in.) in diamcter
with 0,126 m. (4.96 in.) lensth of blades, the dynaromcter
power can be supnlied by a 1 H.P. motor,

Based on the work of Vuskovic (5), ur. Suller of the
Voith recsearch plant considers that the effects of the air
content of the tunnel water are negligible. hen new water
is added, the¢ water is circulated for about five hours to
remove cntrained air end to reduce the content of dissolved
2ir to a low valuec,

B. hepresentation of Test and Celculated nosults.

Since tihe retio of the model propellcr arca to the
tunnel test section arca is 0.14 tnc results of the cavitation
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RESTLICTED,

Cavitation Tunncl at J, i, Voith Maschinenfabriken,
Heidenheim, Cont'd,

tests are correct d to the values for infinite extended flow
by thc method of liood end Harris (9). The cavitation num=~
ber is czleculated from the formula

jel

Ys Py

fyz"vaz

where p_ = the static pressurc at the skin of the ship
° at the propeller location,

7T =

P, = Vapor pressure
v” = mass dunsity of the vater,
v_ = specd of advance.

The thrust load coefficient used at the Voith research plant

is defined as C. = T
L=~ 3
/2 A

thrust

where T

;= aass density of the water

<
!

= speod of advance, and

" = oropcller area = blade circle diameter x blade
d length for a Voith-Schneider propelloer.

&
1

The test rosults arce plotted as curves of constont cavi-
totion numbers, witn the rotio of cfiiciency with cavitetion
to cfticiency without cavitation as the ordin-tc, and the
thrust lo:d coefficicnt C  as thce abscissa. & sam»ric diagram
of this mcthod of presenting cavitation test results is shown
. in Fig. 64. This method was chosen so that the efriciency

ciminution for a given flow condition, dcefined by C. and -7,
can be seen at once, and an jmmediate decision can be reached
as to whethor the cavitation influcnce oan be eliiincted by
enlarging the propeiler,
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53TRICTED,

Cavitetion Tunncl at J, i, Voith .aschinenfabrilen,
ieidenheim, Con%'d,

The influence of covitation of a VeitheSchneider nro-
peller on the stecring forces depends on the steering angle,
5 as well as tiac thrust load cocffieient C;, where the
steering angle - is defined 28 the angle of the propeller
steering point from the ahead drive position. The cavitation
influence for stecring angles up to 15 can be determined
from tests in the cavitztion tunnel, but with larger steer-
ing angles up to 90°, thc flow breaks away from the suction
sides of the blades because of the high angle of attack; in
this case the influence of the tunnel walls on t..c flow con-
figuration becoges unduly great, [c:. steering angles greater
than 15°, Dr. livller calculates the resulting blade force by
a method of Jets. The dimcnsionless ormal force coefficient
is czlculated by the formula:

C.= 2ising . Pg " Py
N -

L1 - sin T /72 'vr2
angle of attack

Pg = static pressure 2t the hull surface in the
plcng of tne V.5, propcller,

2
o
@
"
o

=

"

Pv = wvapor prossure
mass density of water
resultant flow velocity to the blade profile.

E Y
LI 1]

<
1

The tirst term is the normal force coefficient of Lirchoff
resulting from the positive pressure on the pressure side

of thc profile. The sceond term is the eavitation number,

or the additioncl normal force coeffiecient rosulting from
the vapor pressurc on the suction side of the profile when
there is complcte suction side eavitation. The resulting
tronsverse force of tlic propciler ¢:n be obtzined by granh-
ical dctermination of tac blade forccs on tihe wicle blade
circle in combin ‘tion with the sropcr number of blades. From
ulrfoil dota, thoe tronsverse foice cen be calculated without
covit tion, and thereby the reduction of the transversce force
duc to ccvitotion ¢ n be determinezd, OSuch a calculcstion is
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RESTRICTED,

Cavitation 12y, Y. Voith Magehinenfabriken,
denhed x'd

important for determining the steering force of a Voith~Seh-
neider propeller when delivering ne thrust, which is the case
when a ship moves transversely to a deck.

ViI. ggigtation Tunncls Designed By H,S5.V.4, for
Russia, Japan and Swoden.

A, husajan Caxgtation Tank,

In 1932, H,S5.V,A, designed a cavitation tunnel for the
Leningrad “odel Bagin in Kussia. The funnel was eonstructed
b Blohm and Voss in Hamburg and the mcasuring instruments vere
designed and constructed by H.5.V.A, The ercetion of the tunnel
was under the supervision of Ing. Hopne of H.S5.V.a. The tunncl
c¢imensions, char:cteristies, and measuring instrumcnts were the
sane as the originel unaltered H.5.V.A, civitation tunnel I
described in Part II,: except that the propcller pump motor
R.P.if. was 1930 instc.u of 820, A reduction gesr of ratio 6.45
to 1 reduced the pump K.I'.i%. to 300, the samec as H.5,V,i.
cavitation tunnel I. A disgrammatic drawing of the Russian
tank is shown in Fig. o5.

B, Jepanegge Cevit-tion Tank,

A cavitation tunncl for Japan was designed by H.S.V.A.
in 1935 to meet the following specifications:

1. The velocity in the tost section shall be st
least 6 m/scc (1l1.7 knots).

2, The test section dicmeter shall be sufficient
for testing a model propeller of diameter 0.3 meters
(11.81 in,).

3. The propeller dynamometor n.P.if, shell be at
loast 2000 H.@lb.

4, The thrust ond teryuc dynsunomcters shall be
scli~rccoprding.
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RESTRICTED

Cavitation Tunncls Uesigried by H.L.V.4. for Russia,
Japan and Sweden. Cont'd.

Bascd on previous cxpericnces with H,5.V.a. cavitation
tunnel 1, thc Jopznese tunncl was designed with a well-round-
ed divided clbow covnstream from the tost scction. (Fig. 66).
No honuycomb or radial guidc vanes were installed before or
after the nropcller pusp, but a long honeycomb was installed
boefore the nozzle. nectongular scetions with rounded corners
were uscd throughout the circuit except in the vicinity of
vhe punp, whicre the scetions were cireul:sr., The test section
w2s made squarc with rounded corncrs, 0.9 meters (35.43 in.)
on a side, =2nd with a length of 3.4 meters (11.16 ft.). The
actual pump power, dynamomcter pewer, and water vciocity in
tiac test section arce not known &t tiis writing, but it is
belicved that the test section velocity is in the ronge of
8 to 9 meters per second (15.5 to 17.5 knots).

The conventional Hemburg double shaft arrongement wes
not used for th. dynamometer inst.llation for the Jepancse
tunnel, & simglc shoft transmits the thrust nd torque of
the model propcller to the dynsmomcter (Fig., 67). 4 con-
ventional thrust brlance sezle with a large diel for dircet
reading was instcalled, togeth r with ¢ tronsaitter and an
electrical thrust rccording instrumcnt manufactured by Hort-
mann and sraun in Fronkfurt., The dynomomcter aotor was mounted
as & pendulun motor so thit the rouction of the stator can be
transmitted through a bewm seale, and the torque rond dircetly
on 2 large dinl, a dinl tyne electriezl tachomcter - as in-
stalled for rosding the propeller io. of. dircetly. ERlcetriecal
transmitters and rocorders werc also included for rccording
the nropeller aiWif, and tor uc. The convontionzl Himburg
compensating cheuaboy wos omitted, .xecopt for the recording
vgudpmiznt, the simplc dynamomctcer arrangoment is similar to
nat used for th. cavitstion tunncls at the Toylor el
Basin in sashington, in contr st to the usunl moic compli-
cated Honburg d osign for (limin ting thrust and torguc
corrcetions,

thile the test soction dimcter of the Jovancse tunncl is
tie sanc os the tunncl -t .ageningen; the virticnl distance be-
tveen the urn .r nd lower horizont 1 s.ctions is only § m. (16.4 ft)
s compired to 7 n. (22,96 ft.) for the .ageningen tunnel,

S T T T T T R R R A R e T T N e e

e e



S GUVEHNNENT B XPENSE

.

‘

vet TN

H e
’
e,
TL!
L]
T T}
1
A K
/




Rl At Sastaie it sl hnsaas s bt ASanti Sdth A Aamthti Dbl dnntat anient Dufthdlh. Sulinglh Junantihc bl il A - S A A A A A A A B A

WINDOW 300 X204

= [

3400

3
i s S
FEN AN T IRTANH IAOD 1V O s 1

~—— FAINC 04

!H 5
S .
]
¥ '
~_.\
g .w;
Vo
k2 Bs.
I i
¥
&
3




hend B . e . - . e R . R R & o o B

\ \
; —
z
3"‘,
;<.
z /
2 /
Z /
z /
Y ’/ -
3 5 /
3 ' |
- \' ]‘
B j Lo |
T // s\ |
z | ‘ :
= \ ~ : $
= \ \ ’ VIEW N DIRECTION i L L
— |
2 & ABRee | . | , ]
. ;‘ v I
. Y .
. ‘\ 1
4 W, W
| - )
| 5
(4
5 k‘; L. v 4o
. X
S

— /S

LIGURE: 66

4-

o ) !
1 !

| & |
DESISNED 8By HS.V.A. |

|
| ASSEMBLY AND SECTIONS




i - i v i Al 3 v T i st it A A A A et A A S S e A

. b -
‘ THRUST RECORDER, rn»mmrr::lJ T
e |

P ogmmmemim'§

2 |
A N
z ‘ :
T e TN
> o
X o , .
— L ' *
Z .
. 3 .
Z e ‘ _
- \ —— .
3 ,// spna Les AN
3 ' A AN 220 Your _SOLYCLE
7 / ’ ;’u \\\
Z / *8 \
b / e N v
i ! \ _oAS .
- i " . .
= lt. ‘\\\ /’/' -z j
5 \ N /
: \ _THRUST /
- \
4 s //
\\ /
TANK FOUNDATION ~ _
COUPLING \THRUST SIALES BEARIN
. SCRLES MEASYURING PROPELLER SH9
)
e e e e R e e e e o A W P e T - - e s —
e | e S | e
. o
N S %
- e
: I\
i |
L t
bopd A = !l
e — — k=TT - - F - .« »f . bs 4‘ _‘ _,AH -
N 1 T - - L - r ﬂ
1 e
| \ - oo
| . i L i
|
a ¥




I At S i AR A A A D 2 et T el et e e o A A e i A

TORGLRECORDER. _ 10r Zirams aicoro, RECORDER rox REVS.

-5 r
¥

Nt AEEINSE
et
P
3
| 1N +E |
| {1 E— ]}
—
—

?
|
'L

L. | [
ILY0LES + !, {Q’ 2
. 24 VOLT rr _}
UAW COUPLING ‘ : , '
 BeamS A | mOMBINED PENDULYM MOTORIOSCALES | Les | mpucron.
TLLER 5”"",,.&,, s _— 1 | | 7 j[‘J]
T ‘} ! Lo : ];Ih‘w{
: P /’}-! | }L | N "‘]
T S I
; ) A . _-'u : :
Lo ¥
: | !
- .o . . T 1 e e e R e SMILL D LDTTEE mem ST O 1’ ' A,i.u]
MEASURING TRABLE I I
WEIGH? CF /096 ERCH ‘ i
| NUIIBER I NEIESTARY }E FIGURE: .3 7
- i ‘ ty
! (AVITRTION TUNNEL FOR JRPAN
k DESIGNED By H.5.V.A.
[
¥ ARPANGEMENT or MERSURING INSTRUMENTS
(Vs —




A

S L A e A

I ol —w T W ad R Bt T W Ty e 7

®
RESTRICTED.
Cavitation Tunnels wesigned by H.S.V.\. for hussia, L
Japan and Sweden.  Cont 'd.
C. Cavitation Tank at asarlstads Mekaniska erkstad,
hAristinchamnn, Sweden.
The most modern cavitation tunnel designed by H.S.V,A. °
wes coastructed for the lLarlstad ..ekanisk: llerkstad 2t
iristinehamn, wweden in 1942, This turncl, shown in Fig,
68, hus becn described in a recent publication (10). The
principal charactcristics sre 2s follows:
Test Scetion g
didth 0.8 m (31.5 in.)
Height 0.8m _ (31.5 in.)
area 0.555 m? (5.98 ft,<)
Length about 1.0 m. {39.37 in.) ®
iaximum water velocity 9m/scc  (17.5 knots)
Vertical height botw en upper and owor logs 5.0m (19.68 ft.)
Driving :.otor
u . ) [
Horsepower 150
Voltogo 380
Foa's 's 25 to 920 ahcad, 250 reveorse
rcauction gonr retio 920/380 = 2.42
sropeller pump kobll'. 380 *
rropelller dynoacmcter
Horsooower 40 at 2400 k. Wi
For. o 50 to 3500, ~head nnd roverse °
Vicuun pump
HeTSUnOWeT 2
toor wd 1100 to 2200.
®
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RESTRICTED,

avitztion Tunnels Designed by H.S,V, 4, for Russia,
Jdapan and Sweden, Cont'd,

Since the Karlstad tunnel represents the most recent
design of cavitation tunnels in Europe, certain trends in
tunnel design are revealed by comparison with previous ine
stallations, The conventional H,5.V.i. rectangular eross
sections, except in way of the pump, and the well-rounded
divided elbow downstream from the test section are retained
in the Swedish tunnel, However, the three remaining corners
have relatively sharp bends of small radius with short guide
' vane grids instead of the previous larger radius bends with
fewer, long guide vanes, DBoth at H.5;V,., and 'lageningen,
opinion now favors sharper bends with short guide vanes at
all corners except immediately after the test section, where
danger of cavitation has led to the use of a wellerounded
elbow,

The torque measuring arrangement of the Karlstads tunnel
consists of the usual H.5,V.., double shaft arrangement using ..
a calibrated torsion rod, whose twist is transmitted by a
potentiometer to a eross-spool instrument. For the thrust
measurement, the conventional balance arm and dial scale is
used, but the compensating chamber for eliminating the thrust
correction due to the differential pressure on the shaft has
been omitted, Evidently the convenience of eliminating the
thrust correction has not justified the complications of an
additional vacuum pump and a complex automatic pressure-equal-~

izing device,

The water speed in the test section of the Swedish tun=-
nel is measured either by means of a pitot tube or by the
venturi method, using static pressure taps before the nozzle
and in the test section., with the normal testing velocity
of 5.5 m/sec,, the variation of velocity over the whole test
section is net greater than I% (10).

For viewing the model, a stroboscopic lamp, actuated by
means of contacts on the propeller shaft, is used. . very
high capacity sirobosecope has been ordered by the Karlstads
firm for taking photographs with an exposure time of 0,002
seconds.
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VIII. Proposcd Cavitation Tunncl III at H.S.V,A.

A. Vegigng Consideratiors.

In order to be eble to measurc the 1lift and resistance
of hydrofoils with and without cavitation for the purpose
of obtaining baeic propcller design data, a study of the dee
sign considerations for a suitablc tunnel installation was
made by Dr. Lerbs at H.S5.V.A. in late 1941, Because of lack
of materiuls and war difficultiss, the construetion was ncver
begun.,

Certain conditions wore dusired to be fulfilled in the
tunncl design in order for the test profiles to reprceent
propeller biadas:

1. The lowest obtainablec cavitition number sheuld
be thc sanc or less than the lowcst local eavitation
nunber encountered with propcller blades,

.. 2. The dimcnsions of thc test section should be
large cnough to investigate the profilc with the actual
stagger and gap of the propeller blades.

3. The test scetion should simulate all the eondi-
tions prevailing inside tue flow through the propeller
disc so «8 to give a prossure rise to the bladc row in
the flow direcction,

In determining the lower limiting cavitation number for
the tunncl design, the local ccvitetion number for  blade
tip in thc verticel position was calculated for the German
destroyer 2-36 and & VS=1 typc motor tormado bhoat. .hen
neglecting the inmduced velocity, the lecal cavitation number,
- pB ; hL" pV’
/209 + (rnd)? |

—
o
YL

whero p

e

baremctri¢ pressurc

e density of the water

>
]

Py = Vepor prescure
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Froposed Cavitation Tunnel III at H.5.V.s., Cont'd,
7 = mass density of the water
hy o depth of a vertical blade tip belov the surface ' : °
v, = specd of advance
n = revolutions per second
d « proneller diameter ®
Since the values of ¢ for Z-36 and VS-1 were .035 and .036
respeclively, Lerbs considered that the tunnel desi:n should
aim for a cavitetion number of 0,01 to 0.02.
In erder to get an idea of the value of the cc.scade stag- P
ger and gap (Fig. 69) Lerbs plotted the stagger ratio, s/ 2,
and the gap ratio g/¢ of the Schafiran B series agalnst the
rzdius r:tio, x = r/R, where
g = cascade gap = 271 )
2 ®
,4?: blade width
S = stogger = g cos /-:
/
L. r = radius of any paint L
R = radius of blade tip
/?73 hyérodynamic piteh angle = tan‘l (_“E“) -
s 2rr
v = pétch ®
3(_: an;le of attack
2 ~ number of blades
Taking x = % = 0.7 and developed area ratio = 0,6 for the L
fundamental design, the staggcr ratio s/ . anu thae gap ratin
g/ are aporoximately 1.5. both rotios decreise with an in-
«130-
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Proposed Cavitation Tunnel IITI at H,5.,V,a, Cont'd,

crease of the developcd area ratio. Lerbs assumed that two
adcditional profiles on each side of the tested profile are
sufficient for obtaining the correct data for the influence
of the cascade. oince the length of the test section depends
on the stagger ratio and the number of‘yrofiles, the minimum
test length for 5 blades amounte to 74 for s/ fz 1.5.

The height and width of the test section depends on
whether the blade row is expanded in a vertical or a hori-
zontal dircection., Since thu cavitation number is constent
only in a horizontal level, the number will vary from profile
to profilc for = vertical arrangement; with a horizontal
arrangenent all profiles are equivalent, but thc cavit-tion
numbers va.sy zlong the blade width. also the hcight of the
test section is limited by the neecssity for avoiding cavi-
tation in the top_of the test gection., Assuming g = 1.5
end allowing 1.5 clearance at the top and bottom on the
vertical arrangument, Lerbs arrived at a tcst section hcight
of 9.7 for 5 profiesd, A hydrofoil width of 0,1 mcters
(3.9, in.) was determiid to bc satisfactory for strength
when assuming a profilc fixed .t both ends, with bladc thick-~
ness fraction 0.02, v = 20 m/sec (38.9 knots) and the lift
coefficiont = 1,0. Therefore, the tcst scction dimensions
were sct at 0.9 m (35,43 in.) in height and 0.1m (3.94 in.)
in width,

The minimum testing lcngth of 0.74§ 0.7 metors was not
considcred sufficient to obtain a wniform veloeity distribu-
tion., Brsed on Mikuradse's velocdly distribution mcasurcments

9The vertical height 9 ~nas erroncousl, based on a vertical
spacing betwcen hydrofoils of g = 1.5.-. saetually thc vertical
spacing should nave been g sin,. = 1.5, sin/ (sce Idg. 69). The
test scetion height would be only 6 to 7,/ , with 2 resulting
smallur tunnel and less danger of cavitetion in thiv test suetion
duv to the voriation of the hyarostatic pressure, This crror
was rocently pointed out to Dr. Lerbs, who confimud the mistake
in th. proposcd dosign.
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Bropoged Cavitation Tupnel III at H.5.V.4. Cont'd.

in pipe lines with turbulent flow, a leagth of 2.5 mciers is
required to establish uniform flow. ' 4 test section length of
about 3 meters was thcrefére proposed.

In oMder to obtain a pressure rise in the dircetion of
flowi, the walls would have to bc made divergent. For fast
ships scrcws in which the pressure rise is slow, it was ques-
tionable whether a pressure rise in the flow dircction wis’
necessary for the cageade tests. In the proposed tunnel,
Lerbs used parallel walls with ao pressure risae.

The maximum voloeity for a minimum cayitation number
of 0,015 was obteined by the formula H = v< g
2 2

or v z \/HE = 24,2 m/ssc (47.1 knots)
where H = height of test asesction = 0.9m,
The rlov’v«qapacity, s2 APV e ] X .9 X 2.2 822 m3/aec,

whore Ac = arca of cross-section.

Thorafore the motor H.F, = :7_5.; .1/2/9,'2' k, where k equais

Motor power fnput, II Ik = 0.4, bascd on provious tunnel
water horsepower -

designe, the required notor H.P. = 352. By adding 2 cascade
loss of 2 H.P. rcaulting from a drag coefficiecnt of 0.05, the
total motor power became 376. A 40O H.P. unit was proposod.
The final %unnal dcaign is shown in Fig. 70.

B. Mezsuring lnstrumcnts,

For measuiing 1lif¢, drag 'nd moment, 2 three-componcnt
drnamometor was to be doaigned, Tho resultent force was to
be scparated into vertical nd horigom$el eompononts by two
frames, and tho vertic:l component was %0 be further subdivided
into forward and aftcr lift compunoante. The intended method
of measuring all of tho component forcss was by means of run-
ning-weight balangcas, according to the systum used in the -
D.V.L, wind tunncls in Jderlin (1)), In this aystcm,a small
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Proposed Cavitation Tunncl III =t H,S5.V.A, COnt.dj**425Z7

motor, attuated by contacts on thc balance arm, moves the
balance weight on a serew to maintain automatic balance.

No measuring rods with stuffing boxes would be roquired,

for the mcasuring parts could work in the water in an air-
tight cusing on the side of the test section. Only statie
stuffing boxes for wiring to the reecording instruments would
be neeessary. For rcgulating the eontzects in the water, a

sclenium photocleetric cell was intcended to be used outside
thc tunnel,

J%@\S’

The angle of attack of the profile was to be me~sured
from the horizontal centerline and was to be corrceted for

the bending of the flow lincs induced by the horizontal
boundarics of the test section.

The veclocity in the test section was to be based on the
pressure drop througn the nozzle, taking account of the in-
serted hydrofoils and the ¢ vitation space.

The static pressure at the tested profile was to be
caleulated from static pressure measurcments taken suffi-
ciently far ahead of the profile row. The temperature was

to be token by thermomoters ot the peints ol lowest flow
velocity.

C. suxiliary Installations,

uith a given velocity, the cuvitation number was to be
coatrolled by reguwlating the pressurce in the dome bofore the
nozzle, Jith o 10 to 1 contraction betwecn the dame sce~
tion and the test scction, a pressure above atmospheric is
necessary in the dome scction to obtnin a cavitztion number
qf 0.015 at velocitics nbove 15 m/sce (29.2 knots). There-
fore a spceinl regulating device is roguired for controlling

the pressurc in the dome. The type of device had not been
chosen.,

Sincc with low covitation numbers the stitic pressurc
aparoaches tic vapor picssure, the tumperaturc should be kept
constznt to maintain 2 constant cavitation number. Beenuse

of the large cnergy input of the nroposed tuancl, a cooling

(23
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